Aim. To investigate the thermodynamic characteristics of complexes of calf thymus double-stranded DNA with methylene blue (MB), ethidium bromide (EtBr) and Hoechst 33258 (H33258
Introduction. Investigation of peculiarities of the complex formation of natural and artificially synthesized ligands with DNA is of actual importance since it permits to reveal the mechanisms of interaction and their specificity in certain regions of nucleic acid [1] [2] [3] [4] [5] [6] [7] . Nowadays the ligands noncovalently binding with DNA are divided into two classes -intercalators and groove binding compounds [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the results of theoretical and experimental investigations show that depending on the external medium conditions several ligands may bind to double-stranded (ds-) or single-stranded (ss-) DNA in more than one mode (multimodal ligands) [17] [18] [19] [20] [21] [22] [23] [24] [25] . From this point of view methylene blue (MB, Fig. 1 ), which is considered to be an alternative to the classical intercalator ethidium bromide (EtBr), represents a certain interest. This ligand is a photosensitizer and initiates the formation of singlet oxygen in solution invoking different damages in DNA molecule [20] .
A large number of works are devoted to interaction of MB with DNA. It has been shown that depending on the Na + concentration, nucleotide sequences, ligand concentration, MB may bind with DNA by different mechanisms but at this moment there is no unambiguously identified dominant type of binding with the biopolymer and this problem remains an interesting matter of discussion [3, 20] .
In the present work the interaction between MB and calf thymus DNA (ctDNA) has been investigated using UV-melting method. The comparison of thermodynamic parameters of DNA-MB complexes with those of EtBr and Hoechst 33258 (H33258) revealed more than one binding type with DNA [8, 10, [20] [21] [22] [23] [24] [25] [26] .
Materials and methods. The extra pure ctDNA («Sigma», USA), MB («Aldrich», USA), NaCl, Nacitrate (s. p.) were used in experiments. All preparations were used without additional purification.
The concentrations of DNA and MB were determined by absorption method taking into account the following extinction coefficients: calf thymus -e 260 = = 6600 M -1 cm -1 (the concentration of DNA in solution was » 50-60 mM), MB-e 664 = 76000 M -1 cm -1 . The solutions of preparations were prepared in SSC (1´SSC contains 0.15 M NaCl and 0.015 M Na-citrate (threesubstituted)). Investigations were carried out at 2 and 20 mM Na + , pH » 7.0. Equipment. The melting of DNA complexes with ligands as well as spectrophotometric measurements were carried out on spectrophotometer PYE-Unicam-SP8-100 (England). The heating of solutions of complexes was performed with the Temperature Programme Controller SP-876 Series 2. The quarts cuvettes with hermetically closed teflon plug with 3 ml volume and 1 cm optic pathway length were used for spectrophotometric measurements. The melting was realized at l = 260 nm wavelength. The data were displayed on PC monitor via a program elaborated in Lab VIEW medium. The curves of melting were obtained as described in [21] .
Results and discussion. The simple method of investigation of the interaction of different compounds with DNA is the melting in ultraviolet region of light. Applying this method the investigations of MB interaction with DNA were carried out at 2 and 20 mM Na , where DT 0 is the values of melting temperature of DNA; DT is that of MB complexes with DNA respectively) on ligand concentration is represented in Fig. 3 . The dependence of (d(DT/T m 2 ) on r b represented in Fig. 3 , a (curves 1 and 2) corresponds to DNA-MB complexes at 2 and 20 mM Na + . For comparison the analogous curves for EtBr are also represented in Fig. 3 , b, (curves 1 and 2 at 2 and 20 mM Na + concentrations) [24] . [10, [21] [22] [23] [24] [25] [26] [27] .
We have shown earlier that at low concentrations in case of EtBr the ligand molecules are mainly intercalated into ds-regions of DNA and with the melting they are redistributed from denaturized (ss-regions) to still non denaturized ds-regions as a consequence of enhancement of the dependence of (d(DT/T m 2 ) on r b . MB molecules behave in analogous way, since at low concentrations of salt the main mode becomes the intercalation of these ligand molecules into ds-DNA [28] .
At subsequent increasing of r b in case of EtBr the main binding mode is semi-intercalation at which the ligand molecules show practically a similar affinity to both ds-and ss-regions. As a result, the redistribution of bound ligand molecules stops and the dependence of (d(DT/T m 2 ) on r b passing through the maximum decreases. Based on the revealing of analogous behavior in case of MB we assume that in these conditions this ligand binds to DNA by semi-intercalation mode as well. This conclusion is in good agreement with the reported data [3, 29, 30] .
On the other hand, curve 2 ( Fig. 3, a) shows that (d(DT/T m 2 ) of DNA-MB complexes at 20 mM Na + increases at low values of r b and reaches the saturation at r b £ 0.1. Such radical change in the dependence indicates that this ligand binds to DNA in other modes. The data in literature indicate that at low ionic strengths of solution MB binds to GC-rich regions of DNA by intercalation as well. However, the basic interaction mode is the AT-specific binding in one of DNA grooves which practically does not depend on solution ionic strength [20] . It should be mentioned that among ligands binding to DNA, the fluorescent dye for DNA and chromosomes -H33258 shows the pronounced AT-specificity. Moreover this ligand, like netropsin and other lexitropsines, is preferably localized in DNA minor groove, i. e. it is a groove binding ligand [31] . Our studies on the melting reveal that at 20 mM Na + concentration the dependence of (d(DT/T m 2 ) on r b decreases getting negative values (Fig. 4, b, curve 3) [8] . This is conditioned by the fact that at binding to AT sequences the melting temperature of that sequences increases as a consequence of which at relatively low concentrations of ligand (0 < r b £ £ 0,1) as well as at the melting DNA-H33258 complexes behave themselves like double-stranded homopolynucleotide the melting interval width of which is usually much less than in case of DNA with quasi-random sequences [27] . This is connected with the fact that DNA is sufficiently heterogeneous system alike aperiodic one-dimensional crystal that melts in wide temperature interval (DT » 10-15 o C) [32, 33] . At saturation of binding sites of H33258, a decrease in DT of complexes stopped and the (d(DT/T m 2 ) dependence curve gets out of plateau at r b > 0.1, while the d(1/T m ) dependence on r b in these conditions continues to increase indicating that at 20 mM Na + concentration H33258 binds to DNA in at least two modes -AT specific in minor groove at low concentrations and electrostatically with phosphate backbone groups at relatively high concentrations [8] . It is also obtained that at 2 mM Na + concentration H33258 binds to DNA non specifically, moreover at 0 < < r b £ 0.1 (d(DT/T m 2 ) increases (getting positive values) and at r b > 0.1 gets out of plateau (Fig. 4, b, curve 1) [8] . This is conditioned by the fact that at low ionic strengths of solution the DNA double helix is more untwisted and its diameter is longer than at relatively high ionic strengths of solution [32, 33] . As a result, AT-specific binding of H33258 in DNA minor groove becomes thermodynamically non profitable. In turn it results in radical change in the interaction mechanism of this ligand, and the intercalation of hydrophobic bisbenzimidazole groups of H33258 into the plane of base pairs becomes preferable, since these groups are screened from water [8] . Moreover, the piperazine and phenol groups of H33258 are in polar surrounding that also promotes the stabilization of complexes at low ionic strengths of solution. Therefore at non specific (intercalation) binding mode of H33258 to DNA, DT of complexes increases, at AT specific binding mode -decreases, moreover in both cases the binding sites for these modes are complicated and at their saturation ligand molecules start interacting with DNA by the second, electrostatic, mode. From this point of view the dependence of (d(DT/T m 2 ) on r b in case of MB interaction with DNA at 20 mM Na + concentration also may be the result of non specific binding of this ligand to DNA. Meanwhile the incomplete intercalation (semi-intercalation) of ligand molecules into one of DNA chains becomes the most preferable binding mode. This is indicated by the fact that the change in d(DT/T m 2 ) is significantly less than in case of MB intercalation into DNA. At relatively high salt concentrations, the DNA structure is more compact but at full ligand intercalation the DNA helix should locally untwist to form an intercalation chamber [34] . The geometry of this chamber in case of EtBr is sufficient to intercalate while in case of MB it does not occur. At the same time the semi-intercalation is thermodynamically permitted, since in this case DNA structural reconstructions are not as scaled as in the case of full intercalation [12, 34] . The fact that curve 2 in Fig. 3 , a, gets out of plateau at r b > > 0.1, indicates the limitation of MB binding sites on DNA in semi-intercalation mode and after their saturation the ligand molecules start interacting with phosphate backbone groups of nucleic acid in electrostatic mode.
Therefore the obtained data allow to make the conclusion that ligands preferably interact with DNA in intercalation mode, bind to DNA in minor groove or semi-intercalation mode, moreover in certain cases this mode may be preferable. At the same time ligands interacting with DNA in non intercalation mode and showing specificity to certain types of bases also may intercalate into double helix if the conditions for specific binding are not suitable. It may be also concluded from the obtained data that EtBr is a classic intercalator as well as multimodal ligand and the mechanisms of its binding to DNA do not depend on external medium factors [21, 24, 35] while for both MB and H33258 a certain dependence of interaction mechanisms of these ligands with DNA on external medium factors is revealed (see [3] ). The above obtained results may be a good addition to the literature data being practically applicable at the screening of compounds directly binding to DNA and influencing its structural and functional properties.
Conclusions. The interaction of MB with ds-DNA has been characterized in the course of thermodynamic studies. The obtained results show that the mechanisms of MB binding to DNA are similar to those of EtBr: the binding modes of these ligands depend on the molar ratio r b and the concentration of cations in solution. It was shown that besides nonspecific external electrostatic binding with DNA backbone phosphate groups such interaction modes as intercalation or semi-intercalation binding also existed in the DNA-MB system. At low Na + concentrations (2 mM) the possible binding of MB with ds-DNA is intercalation. At increasing cation concentration to 20 mM Na + and small r b ratios (r b £ £ 0.1) the ligand molecules semi-intercalate into the nucleic acid base pairs. 
